introduced a new visual effect (the induced contrast asynchrony) that demonstrates a perceptual separation between the response to a modulated light and the response to contrast of the light relative to background. The effect is composed of two physically identical disks, one surrounded by a dark annulus and the other by a light annulus. The luminance levels of both central disks were modulated in time, producing a stimulus with in-phase luminance modulation and antiphase contrast modulation. Observers primarily perceived the disks to be modulating asynchronously (i.e. they perceived the contrast), but at low temporal frequencies could also track the luminance level. Here we document that the induced contrast asynchrony disappears when the surrounds are achromatic and the center lights are modulated near the equiluminant axis. Observers viewed 1-deg-diameter disks embedded 2-deg-diameter achromatic surrounds. The chromaticity of the disks was modulated in time (1 Hz) along lines in an S versus Luminance cardinal color plane and an L-M versus Luminance cardinal color plane; observers responded as to whether the modulation appeared in phase. For all observers and both color planes, the lights appeared in phase most frequently at angles near the standard observer's equiluminant line and out of phase at angles further away from that line. Observers differed in the range of angles that produce the appearance of in-phase modulation. The results suggest that induced contrast asynchronies may be useful as a technique for equating luminance of disparate lights.
Introduction
The appearance of a patch of light depends upon the context in which the light is presented (Chevreul, 18390185401967; Helmholtz, 186601962; Hering, 190501964) . For instance, a light that appears white when viewed in isolation can appear greenish when surrounded with a red field. Such phenomena are generally understood to result from the weighted combination of the neural signals that arise from the central field and the neural signals arise from neighboring fields. The exact form of the weighting function remains unknown, but most models have assumed that the combination of the signals takes place prior to perception (Adelson, 2000) . Shapiro et al. (2004) introduced a new visual effect that demonstrates that the signals from the central field can be separated perceptually from the context information. The induced contrast asynchrony (as the effect is called) consists of two physically identical disks, one surrounded by a dark annulus and the other by a light annulus. When the luminance levels of the disks are modulated in phase with each other, the contrasts of the disks (relative to the surrounds) are modulated in antiphase. Shapiro et al. demonstrated that at 1 Hz observers are able to track both the contrast and luminance modulation; this creates a paradoxical perception that the disks are flashing in antiphase, but are still becoming light and dark at the same time.
Here we document that the antiphase appearance of the induced contrast asynchrony disappears when the surrounds are achromatic and the centers are modulated in chromaticity but equiluminant. The induced contrast asynchrony and other configurations that use the same principle may prove useful as a method of equating the luminance of different lights.
The elimination of the contrast asynchrony in color/luminance planes Shapiro and D'Antona (2003) and Shapiro et al. (2004) showed that the induced contrast asynchrony can be perceived when the chromaticities of the surrounding annuli and the modulation of the center disks fall along the same cardinal axis. In this experiment, we measure the frequency of seeing antiphase modulation when the surrounds are achromatic and centers are modulated along lines that are at or near equiluminance.
Stimulus space
All lights were confined to the color planes defined by the S, L-M, and luminance cardinal axes (Krauskopf et al., 1982) . The vertical axis was the luminance cardinal direction, and the horizontal axis was either the S or the L-M cardinal direction (Fig. 1) . The center of the color planes is labeled W; this point had a MacLeodBoynton coordinate of (0.66, 0.018) and a luminance of 40 cd0m 2 . We used the nominal cardinal axes rather than customizing the specific directions because we were interested in comparisons of observers' equiluminant settings.
The distance along each axis was expressed in threshold units measured for each observer at the beginning of the experiment. Threshold measurements used to define the space were made with a spatial four-alternative forced-choice task, in which three of the quadrants contained a chromaticity of W, and the other quadrant contained the test light (a probe in the S, L-M, or luminance direction). For the threshold measurements in equiluminant directions, the chromatic target was embedded in a field of temporal luminance noise in order to decrease the influence of luminance artifacts on detection thresholds (Shapiro et al., 2002) . The thresholds for each observer are expressed in MacLeod-Boynton chromaticity units [DS0(LϩM), DL0(LϩM)D(LϩM)]; the DS0(LϩM) and DL0(LϩM) values are multiplied by 10 4 , and D(LϩM) is expressed in cd0m 2 : Observer 1 (4.4, 6.8, 0.51), Observer 2 (8.9, 15.5, 0.96), Observer 3 (5.6, 14.7, 0.47), Observer 4 (6.2, 13.5, 0.61), and Observer 5 (7.1, 14.8, 0.79). The only unusual measurement was for Observer 1, whose S and L-M thresholds were relatively low. After the completion of the experiment, we twice repeated the threshold measurements for Observer 1; both of these measurements were similarly low.
Apparatus
The stimuli were presented on a 21-inch Sony Multiscan G520 monitor using a Cambridge Research VSG 204 graphics board. Gamma correction was conducted using a Cambridge Research OptiCal (Sony Coporation of America, NY) photometer and linearization software. Calibration and gamma correction were checked with a Spectroscan 650 spectroradiometer. The viewing distance was 93 cm.
Methods
The spatial configuration consisted of two 1-deg-diameter disk centered in 2-deg-diameter annular surrounds ( Fig. 2A) . The separation between the surrounds was 0.25 deg. The luminance level of the surround on the left was ten threshold units less than 40 cd0m 2 , and the luminance level of the surround on the right was ten threshold units greater than 40 cd0m 2 . The chromaticity and luminance levels of the center disks were modulated sinusoidally at 1 Hz along a line in one of the color planes. This produced in-phase chromatic and luminance signals and antiphase contrast signals (Fig. 2B) . We modulated the center lights along lines at or near the standard equiluminant line (Fig. 2C ). When modulation is orthogonal to the luminance axis, there is no change in the achromatic contrast relative to the surround.
Observers viewed three cycles of modulation (3 s) followed by a brief beep (0.1 s). The observers pressed a response button to indicate whether the disks appeared to be modulating in phase. Following the response, there was a 0.5-s interstimulus interval, and then the next trial was presented. In any session, there were either 13 modulation angles (Ϫ18 deg to ϩ18 deg in 3-deg steps) or 15 modulation angles (Ϫ42 deg to ϩ42 deg in 6-deg steps). Each color angle was presented 20 times, and the observer ran each condition twice. We report the proportion of trials in which the modulation appeared only in phase.
Observers
There were five undergraduate observers registered in an advanced perception course. Observers 2, 4, and 5 had optically corrected vision (Observer 4 had undergone Lasik surgery a year previously, and Observers 2 and 5 had a recent prescription). All five observers passed the Ishihara plate test.
Results and discussion
The results for the five observers are shown in Fig. 3 . The proportion of the in-phase responses is plotted versus the angle of modulation. The panels on the left show the results for the modulation in the L-M versus Luminance color plane, and the panels Table 1 . When modulation was near the equiluminant line, the perception of the asynchrony disappeared, and the observer reported that the two disks appeared to be modulating primarily in phase. The peaks of the curves for all observers were always within 5 deg of the 0-deg axis (i.e. the standard observer's equiluminance line). The standard deviation of the fits varied across observers. Observers 1-3 produced curves with standard deviations between 9 deg and 14.4 deg. Observers 4 and 5 had larger standard deviations (between 23.6 deg and 35.5 deg). Observer 5 never saw the disks as out of phase when the angles were limited to 618 deg. When we reran the task at a wider interval, the observer showed a more typical curve, albeit with a wider range of angles that appeared to be modulating in phase.
The variation in standard deviation across observers is consistent with the variability found in Shapiro et al. (2004) , who measured the frequency of seeing antiphase modulation as a function of temporal frequency on ten observers; some observers consistently reported that 1-Hz modulation along an achromatic line appeared in-phase, while others consistently reported seeing the modulation out of phase. This effect does not seem to be related to observer sensitivity at W, but is affected by the amplitude of modulation.
We have not yet examined why observer differences occur; however, we can make several speculations. One possibility is that observers differ in the relative strength of the response to the luminance and contrast signals in the stimulus; thus, while both signals are present, for one observer the in-phase luminance signal is stronger, and for another the antiphase contrast signal is stronger. The difference between the strength of the response to the two signals depends upon the particular stimulus parameters. Another explanation, related to the first, is that observers set different criteria for the appearance of in-phase versus out-of-phase modulation. If this is so, observers are relatively consistent with their criterion settings across trials and the criterion changes as a function of the stimulus parameters. Yet another possibility is that observers differ in the width of their chromatic tuning curves.
While it is premature to make such a claim, we note that most studies of contrast adaptation seem to encounter inter-observer differences. The one direct study of inter-observer variability of cardinal directions (Webster et al., 2000) was restricted to the equiluminant plane and concentrated on the examining the averageand not the range-of observer's settings. If substantial individual differences in the bandwidth of color mechanisms do exist, it is not Table 1 . Observer 5 ran the procedure over a larger range of color angles than observers 1-4 (see text for details).
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clear whether such differences would be the result of neural interactions or the result of other factors known to account for individual differences in color sensitivity (Smith & Pokorny, 1995) . We also note that most observers mentioned that when the modulating disks approached equiluminance, the rate of modulation appeared slower (this was particularly evident along the S axis). This is a curious phenomenological report that deserves further investigation; it is similar to the reports of the slowing of perceived motion along equiluminant lines (Cavanagh et al., 1984) . These reports have been taken to suggest that speed processing is dramatically impaired at equiluminance for slowly moving targets (see Hawken & Gegenfurtner, 1999) .
The use of contrast asynchronies as a method for setting equiluminance
We have shown that the induced contrast asynchrony disappears when the surround lights are achromatic and the center disks are modulated at an angle very close to equiluminance. Shapiro et al. (2004) showed that temporal frequency and amplitude affect the asynchronous appearance of modulation (at low modulation rates and at low modulation amplitudes observers are more likely to see the disks as modulating in phase). Stimulus variables may therefore make a noticeable difference in the range of the equiluminant settings. A parametric evaluation of these and other stimulus variables, as well as a comparison to other photometric techniques, should be conducted before the induced contrast asynchrony is used to make equiluminant settings.
The induced contrast asynchrony may prove particularly valuable because it is potentially capable of measuring equiluminance at low temporal frequencies. Many measures of equiluminance, such as Heterochromatic Flicker Photometry (Abney, 1913) or Heterochromatic Modulation Photometry (Pokorny et al., 1989) , rely on methods that work best at high temporal frequencies, when the luminance mechanism is more efficient than chromatic mechanisms (Lennie et al., 1993) . However, changes in temporal frequency may confound estimates of equiluminance: Kelly (1983) found small differences in photometric matches between 1 and 8 Hz, and chromatic adaptation can influence spectral sensitivity as a function of temporal frequency Swanson, 1993; Pokorny et al., 2001) .
One drawback of the two-disk configuration is that it requires the comparison of spatially separated modulating disks, and measures of equiluminance change as a function of retinal eccentricity. It is possible, however, to create stimulus configurations that produce contrast asynchronies within a single modulating field. One of these configurations, shown in Shapiro et al. (2004) , is a modulating disk surrounded by a field that is half-white and half-dark. (Shapiro et al. referred to this configuration as the window-shade illusion.) In this configuration the center disk appears inhomogeneous, as if a shade is being pulled back and forth across the width of the disk. In principle, the shading effect can be made to disappear when the modulation is along an equiluminant line and the surrounds are achromatic, or when the modulation is achromatic and surround colors are chosen from an equiluminant line. Asynchronous contrast can also be created by putting a single modulating field adjacent to (or surrounding) a rectangular spatial gradient. These variations will be investigated in future work, but it is worth noting that a configuration in which a luminance ramp is surrounded by a modulated light may be particularly useful for luminance photometry.
In this manuscript, we have examined the disappearance of asynchronies when chromatic modulation is placed adjacent to achromatic boundaries. Shapiro and D'Antona (2003) showed that the contrast asynchronies can also be eliminated at any orthogonal direction in color space (e.g. if the surrounds are on a 45-225 deg line, the asynchrony disappears when the center is modulated along a 135-315 deg line). Shapiro and D'Antona explained these results with a model containing a pathway for the linearly weighted sum of rectified difference signals (a contrast pathway) and another pathway for the primary color signals. One of the implications of the model (and of the induced contrast asynchronies in general) is that the visual system is capable of representing both the primary and contrast color information. The procedures shown here eliminate only the contrast signals; it remains to be seen whether such equiluminance settings are the same as those produced by procedures that equate primary signals.
